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ABSTRACT
The Gravimetric Geodesy Investigation will utilize altimeter and satellite-
to-satellite tracking data from GEOS-C, ATS-F, and other spacecraft as ap-
propriate to improve our knowledge of the earth's gravitational field. This in-
vestigation is interrelated with the study of oceanographic phenomena such as
those associated with tides and currents, hence the latter are considered together
with gravitational effects in preparing for the analysis of the data. The ocean-
ographic effects, each of the order of a meter or two in amplitude and with still
smaller uncertainties, will not seriously hamper the initial altimeter gravimetric
studies at the five meter level. Laser and satellite-to-satellite tracking data,
when combined with the altimeter results, should provide the basis for such
studies over wide areas of the ocean surface. Laser and conventional geodetic
tracking data from ISAGEX and succeeding campaigns will provide a valuable
framework for these analyses.
The use of submeter altimeter capabilities together withthe decimeter laser
systems being developed under the NASA Earth Physics Program will open up the
possibility of investigating tides and current meanders in areas such as the
Goddard-Bermuda-Bay of Fundy traingle, for example.
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Satellite-to-satellite tracking between GEOS- C and ATS-F and also between
ATS and the Nimbus, Atmosphere Explorer and SAS- C spacecraft will make pos-
sible advances in the range from half to one order of magnitude in connection
with the spatial resolution of gravitational features. Improvements of the order
of perhaps a factor of two in acceleration resolution will also be looked for.
iv
CONTENTS
Page
I. Introduction ...................................... 1
II. Exploitation of Existing Data in Preparation for Analysis of Altimeter
and Satellite-to-Satellite Tracking Data from GEOS-C .... ...... 3
A. General Considerations ...................... ..... 3
B. Tesseral Harmonic Coefficients ................ ....... 7
C. Zonal Harmonic Coefficients ......................... 16
D. GM and the Radius of the Earth ........................ 16
E. Tracking Station Locations ........................ 19
III. The Analysis of GEOS-C Data ........................... 23
A. Satellite-to-Satellite Tracking System .................... 23
1. The Satellite-to-Satellite Tracking System ............... 23
2. GEOS-C Orbit Selection Considerations .................. 30
3. Satellite-to-Satellite Tracking Data Requirements ......... 33
a. Gravimetric Geodesy Analyses . .................. . 33
b. Orbit Determination Studies .................. ..... 34
B. Altimeter Data .................................. 34
1. Introduction ................................ 34
2. Ocean Surface Altitude and Satellite Position Representation .. 37
a. Theoretical Formulation ......................... 37
b. The Organization of the Calculations ............... 42
C. The Specification of Physical Features .................. 42
i. The Geoid ................................... 45
ii. Tides .......................... ..... ........ 46
V
Page
iii. The General Circulation of the Oceans ............. . 51
iv. Currents .......... ......................... 53
* The Gulf Stream Meanders .......... ........... 53
v. Sea State .................. . ... .......... 56
vi. Storm Surges ... ................... . ......... 56
vii. Tsunamis ................................... 57
3. The Calibration of the Altimeter ......... ........... 57
a. Short-Arc Tracking of GEOS-C in the Carribbean Area . .. 57
b. Long-Arc Tracking of GEOS-C ............... .... 65
4. Ocean Surface Altitude Representation and Analysis Using
Altimeter Data ................................... 67
a. Gravimetry ................ ....... .......... .. 68
b. Tides . ............... ........ ................... 69
c. A Region for Earth and Ocean Dynamics Studies ........ 69
i. Ocean Dynamics ................. . ............. 69
a The Gulf Stream Meander Studies ............... 72
, TidalStudies ............................ 73
ii. Earth Dynamics ....................... .... 75
a Gravimetric Fine Structure ............ ....... 75
3 Polar Motions and Earth's Rotational Rate Variations 75
5. Altimeter Data Requirements ............... ....... 76
a. Gravitational Field Surveys .................... . 76
b. Tidal Analyses ............................... 76
c. Gulf Stream Studies ................... .......... 77
d. Calibration .................................. 78
vi
Page
IV. A Set of Satellite-to-Satellite Tracking Studies . . . . . ... .. . .. 78
A. Introduction .................... ................ 78
B. NIMBUS-E ............... . ...................... 86
C. GEOS-C ..................................... .. 87
D. SAS- C ........................................ 88
E. The Atmosphere Explorers ........................... 88
V. Management Considerations ........................... 95
References ........................................ .. 97
vii
THE GRAVIMETRIC GEODESY INVESTIGATION
I. INTRODUCTION
The principal objective of the Gravimetric Geodesy Investigation is to build
upon the achievements of the National Geodetic Satellite Program (NGSP) by im-
proving the knowledge of the earth's gravitational field. The NGSP goal is to
determine the gravitational field to five parts in a hundred million. It is antici-
pated that it will be reached by about 1974. This goal includes, specifically, the
determination of spherical harmonic coefficients of the geopotential through the
fifteenth degree and order with an accuracy such that they contributed no more
than 3 milligals root mean square error to the determination of mean anomalies
at the Earth's surface in regions which are 12 degrees in latitude by 12 degrees
in longitude. (Cf. Reference 1.)
The first goal of the Gravimetric Geodesy Investigation is to utilize the new
types of data to be provided by the altimeter and the GEOS-C/ATS-F satellite-
to-satellite tracking system to improve the spatial resolution of the gravity field
representation over large regions of the earth by a factor of two with comparable
or better accuracy, i.e., to determine parameters associated with anomalies in
six degree squares with accuracies corresponding to 1 to 3 milligals. The
longer range goal is to achieve still another factor of two in resolution and an
increase of one to twb orders of magnitude in accuracy over the whole earth.
(Refs. 2-4.)
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The objectives of the investigation will accordingly include the analysis and
evaluation of the altimeter and the satellite-to-satellite tracking systems as
geodetic instruments. One of the primary aspects of the altimeter calibration
problem is the determination of the satellite position, and one of the principal
systems which will be used for this purpose is the satellite-to-satellite tracking
system. Hence the gravimetric investigation and the satellite-to-satellite track-
ing and orbit determination investigation are inter-related.
The actual positions of the sea surfaces are affected by a number of ocean-
ographic factors including, in addition to the geoid, the tides, the general circu-:
lation, currents and their meanders, sea-state, winds, storm surges and
tsunamis. Therefore, in order to conduct the gravimetric investigationproperly,
it is necessary to represent these oceanographic effects on the sea surface:
heights appropriately. As in the case of the gravitational field, these represen-
tations will come initially from our pre-GEOS information. They will be improved
through the analysis of the GEOS-C altimeter data. Thus, the gravimetric and
oceanographic investigations are also interrelated. This point is discussed
further later.
The phase of. the gravimetric investigation, per se, to be conducted before
the launching of GEOS- C will, involve the use of. the additional satellite tracking.
data including especially the laser data which will become available in the inter-
vening years. This aspect of the investigation will involve the simultaneous
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determination of gravimetric quantities and other environmental parameters
which, contribute to the observational residuals. The aims of this part of the
investigation will accordingly include the determination of tracking station loca-
tions, quantities such as the Earth's mass and radius, and coefficients repre-
senting atmospheric drag and radiation pressure effects.. Consideration is being
given, too, to the possibility of equipping other spacecraft with the capability for
satellite-to-satellite tracking through ATS-F. The potential contributions of such
capabilities to the Gravimetric Geodesy Investigation is discussed.
II. EXPLOITATION OF EXISTING DATA IN PREPARATION FOR THE
ANALYSIS OF ALTIMETER AND SATELLITE-TO-SATELLITE TRACK-
ING DATA FROM GEOS-C
A. General Considerations
The basic strategy of the investigation is to derive the greatest benefit from
the altimeter and satellite-to-satellite tracking data from GEOS-C by analyzing
it together with all of the related data which can contribute to the determination
of the Earth's gravitational field. The determination of the characteristics of
the gravitational field will be based upon the existing stores of geodetic data as
well as the additional observational material which will become available in time
for use in the analyses of the new types of data to be furnished by GEOS-C. The
fundamental body of data upon which our current knowledge of the gravitational
field is based consists of approximately a hundred thousand precisely reduced
optical observations of some two dozen'satellites, a substantial number of
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Doppler measures, some range and range rate data, the beginnings of a supply
of laser range measurements, as well as the gravimetric and survey results of
classical geodesy. It is anticipated that, by the time the analysis of the new data
types from GEOS-C commences, this store will be enriched through the addition
of considerable numbers of laser observations obtained in programs such as the
ISAGEX campaign, and Earth Physics studies such as the polar motion and UTI
and fault motion experiments
It is contemplated that the interpretation of these collections of data will
involve general determinations of the gravitational field, resonance determina-
tions of geopotential- coefficients, and studies involving representations in terms
of mass anomalies.
Recent activity in the field of geopotential analysis at several institutions
including Goddard is indicated in Tables I and II and discussed in references 28
and 29 which include bibliographies. Results of comparisons of some of the geo-
potential models listed in Tables I and II are indicated in Table III and in Figure
1. These findings give some idea of the effective accuracies associated with
some of the models. Improvements obtained by the modeling of resonant terms
are also seen in Table III.
The best published determination of the geopotential which is currently
available is the one included in the Smithsonian Astrophysical Observatory 1969
(II) Standard Earth (18). This result was obtained through the use of a general
4
Table I
General Determinations of Geopotential Coefficients
Basis
Field Characteristics
Author or Year Reference Satellite Data
Year
Designation Number Other
Number of Information Last term in Number of
Satellites Complete Portion Coefficients
1. NWL 5E-6 1965 1 3 Doppler 7, 6 64
2. APL 3.5 1965 2 5 Doppler 8, 8 84
3. SAO M-1 1966 3 16 Optical 8, 8 122
4. Kaula K-8 1966 4 12 Optical, Doppler 7, 5 99
5. Kaula C 1966 4 Determinations 7, 2
1-4
6. Rapp 1967 5 16 Optical Gravimetry 14, 14 219
7. Kohnlein 1967 6 16 Optical Gravimetry 15, 15 250
8. Kaula UCLA 1967 7 9 Optical, Doppler Gravimetry 8, 8
9. Rapp 1968 8 16 Optical Gravimetry 14, 14
10. SAO COSPAR 1969 9 24 Optical, Range, Range Rate 14, 14 280
11. SAO B6.1 1969 10 24 Optical, Range, Range Rate 16, 16
12. SAO B 13.1 1969 11 24 Optical, Range, Range Rate Gravimetry 16, 16 314
13. SAO SF 1969 12 24 Optical, Range, Range Rate Gravimetry 16, 16 316
14. GSFC 1.70 C 1970 13 Determinations 15, 15 249
1-9, 11, 12
15. SAO 69 (II) 1970 14 21 Optical, Range, Range Rate Gravimetry 16, 16 316
Table II
Resonance Determinations of Geopotential Coefficients
Basis Field Characteristics
Reference
Author or Designation Year ReferenceNumber Numbers and Types Reference Coefficients
Satellites Coefficients Determined
1. Wagner 1967 19 3 24-hour (2,2), (3,1), (3,3)
2. Gaposchkin and Veis 1967 20 3 12th order SAO M-1 (13,12), (14,12), (15,12)
3. Murphy and Victor 1967 21 2 12-hour (2,2), (4,4)
4. Yionoulis 1968 22 3 13th order (13,13), (15,13), (17,13)
5. Wagner 1968 23 2 12-hour (3,2), (4,4)
6. Murphy and Cole 1968 24 1 12th order (14,12), (15,12)
7. Wagner 1968 25 3 24-hour (2,2), (3,1), (3,2)
2 12-hour (3,3), (4,4)
8. Douglas and Marsh 1969 26 1 13th Order Yionoulis, 1968 (14,13)
9. Wagner 1969 27 4 24-hour SAO B13.1 (2,2), (3,2), (3,3), (4,4)
4 12-hour
TABLE III
Satellite Position Differences Associated with Various" Gravity Models,
Position (meters)
SAO, M-1 (modified*) GEOS I GEOS II
vs. Cross Along Cross Along
Radial Radial
Track Track Total Track Track Total
SAO M-1 (unmodified) 30.0 17.1 286.4 288.5 22.3 10.3 232.2 234.2
SAO COSPAR(no. 11th) 8.9 12.8 29.5 33.4 24.7 18.2 92.8 97.8
SAO 1969 8.3 13.5 26.9 31.2 16.6 19.3 59.2 64.4
Kohnlein 16.4 16.1 213.0 214.2 20.1 16.9 129.1 131.7
Kbhnlein (modifidd) 9.2 10.9 28.0 31.4 '11.8 -15.1 41.9 46.1
Rapp 48.3 29.5 129.4 141.2 38.8 37.7 157.6 166.6
Rapp (modified) 46.4 33.2 99.9 115.0 36.2 39.1 84.8 - 100.1
APL 3.5 46.1 46.8 175.7 187.1 71.8 55.2 674.3 680.4
APL 3.5 (modified) 42.5 41.6 90.1 107.9 34.7 45.4 88.1 105.2
NWL 5E-6 16.3 16.6 204.0 -205.3 46.4 80.9 374.6 386.1
NWL 5E-6 (modified) 16.7 12.9 49.1 53.4 26.3 80.0 82.9 118.2
Kaula - 32.5 42.2 114,1 125.9 . 47.6 43.5 °232.8- 241.4
Kaula (modified) 32.1 42.5 110.2 122.4 48.7 42.0 140.5 14.6
*Gaposchkin & Veis (1967) 12th order terms for GEOS-1 and Yionoulis (1968)
and Douglas & Marsh (1968) 13th order terms for GEOS-lI.
perturbation theory of satellite motion. Geopotential coefficients and. tracking
station coordinates were adjusted to provide a best representation of observa-
tional data from twenty-one satellites and from gravimetric analyses.
B. Tesseral Harmonic Coefficients
The Gravimetric Geodesy Investigation proceeds along several lines of.
attack. The immediate aim of one of the approaches is to derive a new general
determination of the geopotential using a body of observational material which
is more extensive than the one upon which the SAO 1969 (II) Standard Earth
model is based. The additions include a large body of material developed in
the analysis of synchronous and semisynchronous satellites, i.e., those having
7
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Figure 1. Along Track Position Differences GEOS-1 July 11-16, 1966
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periods near a day and half a day, respectively. This effort has been carried on
over a number of years at Goddard and represents the principal contribution to
the analysis of the motions of these types of satellites and of the corresponding
features of the earth's gravitational field.
Some of the results obtained by Wagner, Murphy and Victor are contained
in references 19, 21, 23-25, and 27 summarized in references 28 and 29 and
indicated in Figures 2 through 5 and Tables IV and V.
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Figure 2. Semi-Major Axis of 1965 30A [Molniya 11 vs. Time.
The possibilities for obtaining an improved geopotential solution through the
more extensive use of synchronous and semi-syrchronous satellite data are in-
dicated in Table VI where it is seen that relatively small changes in the coef-
ficients result in a significant improvement in the fits to the orbital data. An
improvement of about a factor of five is obtained in residuals for synchronous
9
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Figure 3. Drift Acceleration in Syncom 3 Arcs 6, 7, 10, 11 and 13.
and semisynchronous satellites by solving for four'pairs of tesseral harmonic
coefficients in the context of a recent SAO general field. Improved values for
low order harmonics which represent these features, and for the general field
as a whole, are accordingly expected to result from the inclusion of these added
data. The new material in this solution will also reflect some additional optical,
range and range rate, and laser observations of the types of satellites the SAO
1969 (II) solution is based on, i.e., those at medium altitudes.
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Figure 4. Drift Acceleration and Estimate of Acceleration Uncertainties on 24 Hour-Satellites
The present general solution for the geopotential will be carried out by means
of a special perturbation theory of satellite motion using a program system de-
scribed in reference 25. This method is fundamentally different from the one
employed by SAO, hence this effort provides a unique opportunity to conduct an
independent comparative analysis of the data used in the SAO solution. In addi-
tion, increased accuracy should also be more readily achievable by means of
the approach employed here.
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Figure 5. Observation Residuals for 12- and 24-Hour Satellite Accelerations
from Recent Geoids.
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TABLE IV
Solution for Gravity Coefficients From 24-Hour Satellite Data
SOLUTION DATA 10 7 S* 106C 22  0
6 S22  10
6 C31  10683, 106C33 06S33 10
8C4  10
8 44
(TEST ) (32 PTS) (HAD/DAY 2 )
1 UNADJUSTED, UNWEIGHTED 19.8 1.590* 0.04 -0.970 *0.04
2 UNADJUSTED, UNWEIGHTED 5.54 1.578 +0.011 -0.936 *0.012 0.051 0.009 0.155 *0.009
3 UNADJUSTED, WEIGHTED 3.57 1.562 *0.011 -0.932 *0.011 0.066 ±0.006 0.168 .0.007
4 ADJUSTED, WEIGHTED 2.61 1.558 *0.012 - 0.928 *0.012 0.064 ±0.007 0. 171 *0.008
5 UNADJUSTED, WEIGHTED 3.08 1.543 *0.011 -0.920 *0.012 -0.57 *0.83 - 1.36 *0.58 0.027 0.013 0.148 ±0.008
6 ADJUSTED, WEIGHTED 2.49 1.547 ±0.015 -0.913 *0.014 0.28 *1.00 -1.47 t0.74 0.029 ±0.017 0.155 *0.011
7 UNADJUSTED, WEIGHTED 3.55 1.551'10.013 -0.921 *0.014 0.064 0.010 0.160 *0.010 -0.29 *0.67 -1.28*0.90
8 ADJUSTED, WEIGHTED 2.71 1. 5b9 *0. 016 - 0. 927 *0.018 0.066 *0.012 0. 170 *0.011 -0.15 *0.83 0.18 *1.08
9 UNADJUSTED, WEIGHTED 3.12 1.546 ±0.012 -0.88 *0.05 1.8 ±3.3 -2.6 *1.3 0.036 *0. 021 0. 133 *0.018 - 1.8 *2.1 0.23 *1.4
10 ADJUSTED, WEIGHTED 2.25 1.551+0.014 -0.86 +0.06 3.4 *3.5 -3.5 *1.4 0.039 *0.024 0.127 *0.021 -3.1 *2.3 1.1 *1.7
.11 ADJUSTED, WEIGHTED 2.43 1.546 *0.015 -0.916 *0.013 0.06 *0.98 -1.64 *0.72 0.025 *0.017 0.154 *0.011 K6 **' (ALSO H,4 )
12 ADJUSTED, WEIGHTED 3.15 1.585 *0.015 -0.931 *0.014 K66** 0.087 *0.008 0.184 *0.010 K66** (ALSO H4 2 )
NOTES * S = ESTIMATE OF STANDARD ERROR (RMS RESIDUAL) FOR GRAVITY SOLUTION OVER ALL THE DATA.
•* COEFFICIENTS FIXED FROM A i966 DETERMINATION OF KAULA
BEST RESULTS (FROM SOLUTION 6 WITH BOUNDS INCREASED DUE TO LIKELY MODEL ERRORS):
10C 2 2 = 1.550 035, 106S22 = -0.915 10.025025' 2
106C3z = 0.3 2.5 106S3= -1.5 '1.216 q31 = 1.5
106 C, = 0.03 *0 3 ' S33 = 0.155 t0.030
106J2 = 1.80 -0.04 . 22 = -15.3 !0.6'
106jz1 = 1.5 2 6 . 73'
-1.2 X131 =- . 89,
106J33 =0.16 '0 05 -6.6
0.03 33 = 26.4 -8.3
TABLE V
Resonant Longitude Gravity Coefficients* from Recent Studies
C 2 2 S2 2  C 3 1  S 3 1 C 3 2  S 3 2  C 3 3 S 3 3  C 4 2  S42 C 4 4  S44
Geoid
(10-. ) (106) (10 -6) (10-6) (10-6) (106) (10- (10-) (106) (106) (1 0 - )  (10 -6 )
KShnlein 2.38 -1.35 1.71 0.23 0.84 -0.51 0.66 1.43 0.35 0.48 0.04 0.30
Kaula [1966] 2.42 -1.36 1.79 0.18 0.78 0.75 0.57 1.42 0.30 0.60 -0.06 0.32
Wagner 2.40 ~ .03 -1.43 A .03 -0.42 -1.58 0.69 ± .20 -0.53 ± .20 0.16 1.10 0.0 0.0 0.02 0.70
*Fully normalized coefficients.
Table VI
Weighted rms Residuals in Two Combined Are Solutions.
with 12- and 24-Hour Satellites (12,Arcs)
Strongest :Resonaht Gravity .
Coefficients Used
-6 Other .. ..Gravity Weighted (unnormalized): 10 ResonantField rms CoefficientsUsed Residual 2,2 3,2 3,3 4,4 Coefficients
Used
C S C S C S C S
3,1 4,2 for
24-hour sat-
ellites; all
through 6,2
8,:4: and: :SAO '69
5.90 1.55 -. 91 .29 -.22 .111 .180 -.0021 .0075 10,6 giving
.01 of
strongest
effect for
12-hour
satellites
SAO '69
B13.1 0.99 1.58 -.91 .30 -. 21 .097 .1.98 -.0016 .0075 Same as
cor- above
rected
Where appropriate, however, in the case of resonances, for example, use
will be made of general perturbation approaches such as those discussed in
references 21, 24, 28 and 31.
An example of results'of such: a determination of riesonant harmonic coef-
ficients based on IMinitrack data is indicated in Figure 6'. Results -ofthis type
Will also be reflected in the overall general solution.'
15
C. Zonal Harmonic Coefficients
Zonal harmonics have also been determined by means of a general perturba-
tion technique 31-33. It is planned to extend this effort and also to use special
perturbations to determine zonal harmonics on the basis of data from some
twenty satellites.
Resonances have also been determined by means of a numerical integration
approach. Results of this kind are indicated in Figures 7 and 8 in reference
26.
It is anticipated that the progress toward the solution will be sufficient to
provide a reasonable basis for the analysis of the data to be generated in con-
nection with Project ISAGEX. The program to determine and refine the general
solutionfor the earth's gravitational field using the constantly increasing supply
of data will be continued with the aim of providing a sound foundation for the
analysis of the new altimeter and satellite-to-satellite tracking data from GEOS- C.
D. GM and the Radius of the Earth
The best determination of the fundamental gravitational parameter of the
earth, its mass, which has been made so far has resulted from work which has
proceeded entirely independently of the determination of all the rest of the gravi-
tational quantities. The mass is determined best using data from deep space
probes travelling toward and beyond the moon from which the Earth appears
more like a gravitational point mass. The higher harmonic coefficients, on the
16
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other hand, are best sensed by close earth satellites. Analyses of data from
the spacecraft at these two kinds of distances have proceeded separately upto
now. This point and some of its implications are discussed in reference (29).
The objectives of the Gravimetric Geodesy Investigation also include the deter-
mination of the fundamental gravitational quantity, GM, along with the other geo-
potential parameters and the earth's mean equatorial radius at the same time.
Use will be made of accurate range data from spacecraft at several altitudes
including some in the one to two thousand kilometer range, some at synchronous
heights, as well as others at still greater distances fromthe earth. :Lunar
transfer trajectories for which USB tracking data are available are expected to
be of special value in this connection.
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E. Tracking Station Locations
The determination of geopotential coefficients ultimately will be achieved
simultaneously with the determination of tracking station locations. An extensive
program for adjustment of tracking station locations has been carried out at
Goddard (cf. references 34-37).
In particular, dynamical solutions have been carried out to determine loca-
tions of a number of Goddard tracking stations. Some indications of the cover-
age provided by the thirty thousand observations employed is indicated in Tables
7 and 8 and Figure 9. Results are presented in references 36 and 37.
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Table VII
Number of Optical Observations Per Station Used in Dynamical Estimation
STATION OBSERVATIONS STATION OBSERVATIONS
BLOSSOM POINT, MD. (1021) 650 TANANARIVE, MADAGASCAR (1043) 339
FT. MYERS, FLA. (1022) 680 UNIV. OF N. DAKOTA, N.D. (7034) 548
WOOMERA, AUSTRALIA (1024) 152 EDINBURG, TEXAS (7036) 1109
SANTIAGO, CHILE (1028) 264 COLUMBIA, MO. (7037) 1540
MOJAVE, CAL. (1030) 932 BERMUDA (7039) 448
JOHANNESBURG, UN. OF SO. AFR. (1031) 623 SAN JUAN, P. R. (7040) 475
ST. JOHNS, NEWFOUNDLAND (1032) 179 GREENBELT, MD. (7043) 158
E. GRAND FORKS, MINN. (1034) 542 DENVER. COLO. (7045) 573
WINKFIELD, ENGLAND (1035) 400 JUPITER, FLA. (7072) 516
ROSMAN, N.C. (1037. 1042) 1015 SUDBURY, ONTARIO (7075) 699
ORRORAL, AUSTRALIA (1038) 482 KINGSTON, JAMAICA (7076) 388
Table VIII
GRARR and Laser Arcs Used in Solutions
1968 ARCS
ULASKR MADGAR ROSRAN WALLAS GODLAS Optical*
Date No. of Obs. No. of Obs, No. of Obs. No. of No. of
No. of No. of No. of Obs. No.of Obs. No. of No.of
Range Passes Range Range Passes Range Range Passes Passes Passes Obs.Rang Rate Rate Passes Range Rate Range Range
4/2-3/68 215 149 3 180 .180 3 495 2 314
4/26-27/68 136 84 3 313 313 '4 119 1 320
5/7-8/68 . 172 172 2 102 102 1 480 2 172
5/21-22/68 132 132 2 167 166 4 492 2 351
6/9-10/68 262 262 3 277 277 4 393
6/11-12/68 182 182 3 456 456 5 588 .3 828
6/14-15/68 252 252 4 196 197 3 641
6/16-17/68 136 136 2 193 194 3. 814
6/21-22/68 271 271 5 263 279 4 422 3 754
6/23-24/68 285 285 5 229 229 4 .620
9/24-25/68 111 112 2 69 1 139
9/27-28/68 193 193 3 57 2 38 -1 389
10/4-5/68 200 200 . 3 105 107 2 73 1 286
10/6-7/68 271 271 4 "186 189 4 309
10/8-9/68 67 67 1 177 188 4 318 2 507
10/21-22/68 132 132 2 312 2 445
10/23-24/68 202 202 3 437 2 346
TOTALS 3108 2990 48 579 653 14 2376 2393 34 2596 13 1247 9' 7821
1969 ARCS
ULASKR* CARVON CRMLAS GODLAS* Optical*
No. of Obs. No. of Obs. No: of. No. of
Date No of No. of Obs. No. of Obs. , No. of No. of
Range Rae Passes Range Rang Passes Range Psses ange Passes Obs.
3/2-3/69 127 127 5 158 18 4 99 2 64 1 150
3/5-6/69 124 124 3 92 129 2 227 3 366 4 . 360
3/11-12/69 99 99 3 232 232 4 190 3 105 2 474
3/13-14/69 150 150 3 314 379 6 199 3 32 1 . 295
3/17-18/69 196 196 5 232 237 5 214' 4 234 3. 224
3/29-30/69 92 92 5 170 170 5 " 225
3/31-4/1/69 164 163 4 192 206 1 101 2 234
4/8-9/69 75 75 2 167 176 4 146 2 94 3 386
4/10-11/69 172 172 5 90 143 2 321 4 73 1 248
4/14-15/69 123 123 3 99 125 3 271 4 230
4/24-25/69 - 199 199 5 150 179 3 251 2 159 1 452
5/5-6/69 163 163 4 219 280 4 216 4 544
TOTALS 1684 1683 47 2115 2414 43 2235 33 1127 16 3822
*Station coordinates held fixed.
SUMMARY
GRARR No. of Obs.
range 9862
range rate 10133
number of passes 186
Laser
range 7205
number of passes 71
Optical 11643
Total 38843
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Figure 9. Subsatellite Plot of GEOS-I and GEOS-II Passes, Edinburg, Texas.
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III. THE ANALYSIS OF GEOS-C DATA
A. Satellite-to-Satellite Tracking Data
1. The Satellite-to-Satellite" Tracking Systemin
The satellite-to-satellite tracking experiment involving a geodetic satellite
calls for the tracking of GEOS-C via ATS-F. The quantities to be observed are
the range from a ground station through ATS- F to GEOS- C, and the correspond-
ing range difference over a small time interval, which is often referred to as
range rate. The use of these data involves the analysis of the motions of both
the GEOS-C and the ATS-F spacecraft. It will be possible to make independent
measurements of the range and range rate from the ground tracking stationto
ATS-F using the basic ATS tracking system. It is anticipated that the ATS-F
spacecraft will be fitted with laser corner reflectors, and hence that this accurate
tracking system can also be used to obtain the range from the ground station to
ATS-F. Simultaneous laser observations of ATS from three widely separated
points on the Earth's surface can, in fact, permit the determination of the position
of ATS-F by entirely geometric means. Such data, together with the continuing
analysis of synchronous satellite motions being conducted as part of the Gravi-
metric Geodesy Investigation, provide a basis for identifying the contributions of
ATS effects to the ATS-F/GEOS-C satellite-to-satellite tracking data' residuais.
The increase in accuracy resulting from the use of laser tracking of the
ATS-F spacecraft by means of a corner reflector array mounted on it is indicated
in Figure 10 (38). The circles denote estimates of the errors obtained if
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the tracking is done only with the ATS electronic range and range rate system.
The values assumed for the uncertainties in terms of the noise and bias quanti-
ties are also indicated.
The tracking of GEOS- C from ATS- F will be analogous in many ways to
the tracking of lunar satellites from stations on the earth. The data from lunar
orbiters were originally analyzed in conventional ways in terms of spherical
harmonic coefficients. It was realized after a time that many of the lunar
satellite range rate tracking data -residual anomalies corresponded to mascons
or surface density distributions. This interpretational approach is perhaps one
of the most striking features of recent research relating to gravitational fields.
(Cf. Figure 11.) Both the traditional and the new approaches have.been used at
Goddard as is pointed out in references 39 and 40.
A satellite experiencing an anomalous acceleration of about four milligals
over fifty seconds will undergo a velocity change of a couple of millimeters
per second. Increments of this order should be detectable with the aid of
satellite-to-satellite tracking equipment now being developed, which will have. a
resolutio of about 0.35 millimeters per second. Such an acceleration could
correspond, for example, to a surface gravity anomaly of the order of ten milli-
gals. This point is discussed by Vonbun. A typical case is indicated in Figure 12
wihibh is presented in refere nce 41.
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Figure 11. Doppler residuals from Lunar Orbits of Apollo VIII on December 24,, 1968. ,The upperand
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26
Ag(mga)
200
-150
-I-*100
-- 50
X(Km)
o 40 80 120 160 200
i i I I I/ ,f
-20 -10 0 0.5 1.0 1.5 2.0
d=IOOKm
m=5.10
Figure 12
The tracking of a low altitude satellite such as GEOS-C from ATS-F is
expected to yield information about the gravitational field which is more detailed
in terms of space resolution than that obtainable from the existing sets of
satellite data. The degree to which mean gravity anomalies in adjacent squares
on the earth's surface can be separated on the basis of satellite-to-satellite
tracking data of the ATS/GEOS- C type is a function of the altitude of the low
satellite.
The dimensions of such a square are roughly comparable to the altitude
of the low satellite. This problem has: been studied in some detail by Schwartz (42).
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Figure 13 depicts the relationship he found between the satellite altitude and the
size of the square in which gravity anomalies can be identified by means of
satellite-to-satellite tracking techniques. Extrapolation of this result to the
general altitude region now planned for GEOS-C, i.e., the neighborhood of 900
to 1000 kilometers, leads to an estimate of approximately six degrees for the
spatial resolution capability of the GEOS-C/ATS-F experiment.
The magnitudes of the effects are indicated in Figure 14 for a satellite in a
700 km altitude orbit. It is presently estimated that the ATS-F/GEOS-C tracking
700
600
500
400
,-
1 300
-.J
200-
100
0 100 200 300 400 500 600
BLOCK SIZE (km)
Figure 13
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system will have an accuracy of about 0.35 mm/sec for a ten second integration
time. The corresponding resolution capability in terms of a mean anomaly in a
five-degree square for a satellite in a 700 kilometer altitude orbit is about 4.4
milligals. The implications of this for GEOS-C will be discussed further in
Section IV.
2. GEOS-C Orbit Selection Considerations
It was originally planned that the GEOS- C orbit would have an inclination
of about 20*. More recent thinking revolves around inclinations in the 400 to 650
range. A number of the conclusions derived on the basis of analyses conducted
for the 200 case are valid also for higher inclinations. Some of these analyses,
accordingly, will be described here. The following discussion is intended to
indicate the different kinds of scientific objectives which can be met with a
particular selection of a GEOS-C orbit. Most of these same thoughts also apply
to inclinations in the 400 to 650 range.
It is assumed for the purpose of the case considered here that the GEOS-C
orbit will have an inclination of approximately 1150, i.e., 65* retrograde, and a
mean altitude in the neighborhood of 900 to 1000 kilometers, as was indicated
above. The eccentricity will be taken to be 0.005 or less, a range which will
simplify the altimeter design. One is at liberty to adjust the mean altitude or
the period within certain limits in the attempt to achieve as many of the scien-
tific goals as possible. The values finally selected will be governed partly by
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considerations broughtout in the following discussions. They may be somewhat
different than those indicated here, however it is not anticipated that the prin-,
ciples underlying the present discussion will be fundamentally changed.
The spatial resolution obtainable with the satellite-to-satellite tracking
data in an experiment of the GEOS- C/ATS- F type is about 5 7 degrees, as .waS ,
indicated in the earlier discussion. .. .
Starting from this point, one can work out the following orbit parameters
which will accommodate the objectives of the Gravimetric Geodesy Investigation
from the standpoints of the gathering of both the satellite-to-satellite tracking
data and altimeter tracking data. It will be seen later that a number of important
oceanographic objectives can also be met with the orbit selection which is
discussed here.
.An orbithaving-a 65! retrograde inclination, a mean altitude: of :approxi-
mately 1000 km and a corresponding period of about 105 minutes willmove west-
ward in longitude by about 26.2" each revolution. This orbit has ground track
equator crossings which shift to the west about 6.3 degrees per day. The result-
ing separation between the orbit traces, which is smaller by the factor sin i, is
5.7 ° which corresponds to the value indicated above. The desired 5.70 survey
pattern is thus approximately traversed in fifty-five revolutions of GEOS-C, in
a bit more than four days. It includes a complete set of tracks, crossing the
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equator in both the ascending and descending directions, separated by about 5.7
degrees.
At the beginning of the fifth day, the longitude of the ascending node of the
56th revolution is found to be displaced from that of the first revolution by about
a degree, i.e., about a sixth of the daily shift. (Cf. Fig. 15) This can be thought
of as the beginning of the phase in which the fine, or one-degree, pattern is laid
down. The process continues for a total of 344 revolutions, at the end of which
the ground track repeats, i.e., it is planned that the ground tracks of the first
and the 345th revolutions will coincide. This, in fact, is the precise defining
criterion for the orbit in the context of the chosen inclination, i.e., 650 retro-
grade, and eccentricity, namely, about 0.005. Thus, in something over 25 days,
such a GEOS-C orbit will provide for an altimeter survey with orbits separated
by slightly less than a degree. Since the altimeter cannot operate continuously,
due -to power limitations, an actual survey of this type would take much longer,
on the order of a year, in fact. (43)
Clearly other strategies are possible, e.g., by selecting patterns which
would give spacings of about 30, 1.50, etc. The example sketched here will suf-
fice for the purposes of the present discussions, however. Resonances may be
associated with some of these choices. A preliminary look at this point indicates
that these will not be unduly severe, however. The degree to which such a spe-
cific fine resolution can be realized depends upon the launch vehicle capabilities.
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3. Satellite-to-Satellite Tracking Data Requirements
a. Gravimetric Geodesy Analyses
: his' information about' the orbit furnishes the basis for estimating
the data taking requirements. The 6.3 degree separation at the equator implies
that some 57 passes will be trackable from ATS while it is in a fixed position.
Half of these correspond to ascending nodes, half to descending nodes. Each
pass will be about- 58 minutes 'long. Hence, a total of some'56 hours of satellite-
to-satellite tracking will complete this six-degree survey. Redundant informa-
tion will be obtained near the maximum latitudes since the tracks are less than
6 degrees apart. In an initial experiment, however, it is probably wise, even so,
to plan on continuous satellite-to-satellite tracking which should aid considerably
in the interpretation of the data.
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ATS-F will be at 940 W longitude at first, and then at 350 E longitude. Thus
some 112 hours in all will be required to complete the satellite-to-satellite
tracking surveys in these two regions. Again, some redundant information will
be obtained, since the coverage regions around 94 0W and 35 0E overlap some-
what. This will provide a valuable opportunity for checks and comparisons.
Some satellite-to-satellite tracking will also be done while ATS-F is en-
route between these 2 locations. This will, again, permit correlative studies
which will strengthen the overall results. Perhaps another 50 hours or so could
be devoted to this phase of the activity.
b. Orbit Determination Studies
The satellite-to-satellite orbit determination experiment can in-
volve data taking patterns such as those indicated in Figures 16 and 17.
These data sequences could presumably be abstracted from those indicated
above for the, scientific investigations. Accordingly, they.would not reopssarily
involve the additional.use of the GEOS-C/ATS-F satelliteto-satellite tracking.:
resources. . .. , ..
B. Altimeter Data
1. Introduction
It was pointed out above that the altimeter will be useful for both
gravimetric and oceanographic investigations and that, to a certain extent, these
studies may be inter-twined.
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Figure 16. Satellite-to-Satellite Tracking Data for Orbit Determination Analyses
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For example, the portion of the gravimetric geodesy investigation which is
conducted with the aid of the altimeter will make use of the available knowledge
of all of the factors which affect ocean height representation. These include, in
addition to the gravitational field, the following oceanographic effects:
1. Tides
2. The General Circulation
3. Currents
4. Sea State
5. Storm Surges
6. Tsunamis
The following discussion is concerned partly with the representation of
these oceanographic effects using available information. It is anticipated that
each effect represented will also be investigated with the aid of the altimeter
data. Thus the above list of oceanographic topics is both a list of effects to be
represented, in connection with the gravimetric geodesy investigation, and a list
of investigations to be conducted with the altimeter data. These various investi-
gations are thus inter-related. In principle, with enough data, it should be pos-
sible to separate the gravitational effects, which are nearly invariant over the
lifetime of the experiment, from the oceanographic ones, which vary with time
in one way or another. In practice, however, it may be some time before enough
data are available to make it feasible to effect such a separation without studying
the data with both gravimetric and oceanographic thoughts in mind. In other
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words, it may be advisable that the gravimetric and oceanographic analyses be
viewed as coordinated or joint undertakihgs in some sense. The observational
as well as the analytical aspects of the gravimetric and oceanographic investiga-
tions may also be approached jointly. The concept of a team of investigators
considering both the gravimetric and oceanographic aspects of the problem may
be appropriate here.
This discussion is aimed primarily at the gravimetric investigation and the
representation of those oceanographic effects which are necessary in order to
conduct the gravimetric investigation properly. Portions of the discussion that
seemed to be especially likely to involve the possibility of joint planning such
as those concerned with the observational programs, for example, do include
suggestive thoughts relating to certain aspects of possible oceanographic
investigations.
2. Ocean Surface Altitude and Satellite Position Representation
The representation of ocean surface altitudes and satellite positions
will be considered in terms of the theoretical formulation, the organization of
the calculations, and the specification of physical features associated with the
gravitational and oceanographic aspects of the earth.
a. Theoretical Formulation
The theoretical formulation of the problem can be considered
conveniently with the aid of the following definitions and relati ns:
37
r (t) - spacecraft position vector
h (t) vector normal to reference ellipsoid extending from reference
ellipsoid to spacecraft
hg height of geoid above ellipsoid of reference
h height of sea surface above geoid
S
R (t) -r(t)- h (t)
h (t) h h' (t)
h(t) h (t) - h (t) - hs(t)
h(t) h(t)
Functional dependences can be indicated further as follows, where the
symbols have the meanings specified.
L(t) = rt, e 0 , GM, Cnm, Snm'
.p(h, , h, t, X, ' Ba)
®, C, 0-, 7T, 7,
p.m., UT1, Te),
where
e o -(a, e, i, Q, a, mo),
or
t o  Lo,' v o0'
GM GM = product of gravitational constant and mass of earth,
Cnm, Snm = cosine and sine coefficients of spherical harmonic potential
terms.
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p (h, , ), 't, i , B ) = atmospheric density as a function :of .
h: height
c: latitude
A: longitude
t: time
a : solar activity
Ba: magnetic activity
and where
D: solar gravitational field
c: lunar gravitational field
o: radiation pressure
w: precession
v: nutation
p.m.: polar motion
UTi: earth's rotational position
T : earth tides
h h {Cnm S g(P. )),
where the
g(ip , ) denote gravitational anomalies specified, in teims of latitude and
longitude regions the ' denote gravitationial anbmialies secified in terhis f k --
mascon parameters, and the g( 0q-, A6q)'denote graiitatiafil , anomalies spcifidd
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either directly or in.terms of equivalent.geoid heights at a number of latitude
and longitude points.
Values at intermediate points are found by interpolation. The interval size
will be specified as an integral multiple of a hundredth of a degree. The interval
size may vary up to ten times over the range, and the interval patterns for
latitude and longitude will be specified separately. Similar remarks apply to
the specification of the order of interpolation. It is estimated that up to ten sets
of the type g(ppq , Xpq ) containing a total of 105 functional values might be needed
initially, and that each of these storage parameters might be an order of magnitude
:larger for more advanced studies.
The calculation of geoid height quantities, which are based on gravitational
field expressions, could be implemented in more than one way. It could be done,
for example, by evaluating these expressions at each point of interest. It could,
alternatively, be done by evaluating these expressions at a specified set of times,
e.g., at the times corresponding to those employed in 'the numerical integration
processes, and by employing numerical procedures to calculate the geoid height
quantities at the points of interest. The method could be optimized keeping in
mind numerical analysis and computational efficiency considerations.
.: One, or more specified sets of the quantities gm( p, P), e.g. those associated
with:features such as trenches, say, would be multiplied by factors, k., respec-.
tivelyh, whih would ipi'iallyhave the value unity, buit would be solved .for as un-
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known parameters. Ten to a hundred such quantities could be of interest. Thus,
e.g.,
n
h : hg Cnm, Snm' g(pij' ), + k (tpq, pq)'
m=l
hs hs Te, T0, h0 (pq, q)},
where To denotes ocean tides and the ho0 ( pq' pq) denote heights above the geoid
of oceanographic and meteorological features, such as currents, tsunamis, and
wind and pressure fields, specified at a number of latitude and longitude points.
The remarks about interpolation, intervals, arrays and unknowns, km
, 
made in
connection with the functions g(pCpq, pq), etc., apply in analogous fashion to the
functions ho (Tpq' Xpq ), etc. Other functions may also be used to represent
oceanographic and meteorological phenomena. R (t) = R (t, Re., f): where R
de notes the mean equatorial radius, and f denotes the flattening.
The quantities r, h , hs, and R , will in general, be functions of unknown
parameters which can be identified or associated with the indicated arguments.
Theseunknowns, and any others involved, will be denoted here simply by xi.
The partial differential coefficients can be found with the aid of methods and
expressions employed in systems such as the GTDS, the Goddard General Orbit
Determination System, Geostar, etc. That which is obtainable involves the use
of numerical differentiation, numerical integration, or analytic theory, as
appropriate.
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ah 3r . Rn " ah h s
= = * h
=x. x. - ax. - Bx. x.
Here, for example,
Dh
'a k m(Ppq' pq)s
m
for m = 1, 2, ... , n.
h/3xi can be derived, for example, numerically by differencing over a
suitable time interval, e.g., one which corresponds to the measurement interval.
The determination of the time to be associated with the derived quantity can be
made by an appropriate method. Alternatively, such a measure may be regarded
directly as a height difference over a finite time interval and treated accordingly.
b. The Organization of the Calculations
The organization of the partial derivative calculations is indicated
in Figure 18 and Table IX. The notation of Figure 18 corresponds to that em-
ployed in reference 33.
C. The Specification of Physical Features
Analysis of the altimeter data involves the representatiodn f theigravita-
tional field and of the types of oceanographic effects which were listedabove in
the introduction to this section.
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Table IX
r R h9 h,
aeincMo J
GM I
C S J J
P V
PM UT1 V
Tides J vI
Anomalies /
Regions
Mascons V/ V/
Features VI V/
Trenches V/ V/
Ref.
Currents
Storm Surges V/
Tsunamis
Winds
Pressures
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It will.be assumed for the purposes of this portion of the discussion that the
GEOS- C altimeter will be capable of instrumental resolution at the.2 meter level
in one mode and at the 0.5 meter level in a second mode.
i. The Geoid
The broad features of the geoid are given by satellite analysis.
The best' representation currently available is the. one presented by SAO seen in
Figure 19.
Detailed studies of the geoid in certain regions have been conducted by a
number of investigators including Von Arx, Talwani, Uotila, Rapp, Strange,
Vincent, :Berry, and Marsh. (44-48.) An indication of the availability of results
in several regions of interest off the East and Gulf Coasts of:the ,United States, is,
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Figure 19. Geoid heights in meters of the new combination solution corresponding
to a reference eli'ipsoid of flattening f = 1/298.255:"
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presented in Figure 20. An example of such a detailed geoid, and a satellite
geoid for the same region, are seen in Figures 21 and 22. (49, 18.) It is
understood that further detailed geoidal results will be forthcoming in the
relatively near future (50).
ii. Tides
The departure of the ocean surface from the geoid can be thought
of in terms of tidal phenomena and the features of the general circulation, in-
cluding current patterns and more variable features associated with currents
such as the meanders of the Gulf Stream.
Tidal phenomena have been studied by Hendershott, Munk and Zetler (51, 52).
Hendershott and Munk describe a model involving a number of amphidromic
points which can be obtained by solving the Laplace Tidal Equations (LTE) in
the case where coastal values are given. (Cf. Figure 23). Cotidal lines for the
Atlantic Ocean are given in more detail in Figure 24 which is due to Hansen (53).
The basic Laplace tidal equations are given by:
-g _ - 0
a-- (2Q sin 6) v =
at a cos a
S-g ______
- (2f sin 0) u -
and
t+ + =0
Ct cosO 7 h
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They have been studied in a number of simplified forms.
Hendershott's recent research has extended them to include effects of solid
earth tides which he found to be significant (54).
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OrO
Figure 24 Theoreticaltides of Atlantic Ocean.
Full lines: co-tidal lines referred to moon-tran-
sition through meridian of Grw., dashed lines: co-
range lines of the semi-diurnal tide M2 in m (ac-
cording to Hansen).
iii. The General Circulation of the Oceans
Problems associated with the general circulation have been dis-
cussed by H. Stommel, K. Bryan andHansen. (Cf. references.55 and 56.)
--- - -: -
...
A model for the world-wide general circulation has been presented by
Stommel. It appears in Figure 25. More detailed studies of particular regions
such as the North Atlantic are being conducted by Bryan and Hansen (56).
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iv. Currents
The general circulation embraces a number of major current
systems including the Gulf Stream, the Kuroshio Currentnear Japan, and the
Antarctic circumpolar current.
The Gulf Stream is -of special interest here for several reasons including
the fact that it meanders.
* The Gulf Stream Meanders
Considerable effort has been devoted to the study of the me-
anders of the Gulf Stream. This research is discussed by Hansen (57). i The
Gulf Stream proper can be thought of as a Kelvin wave., Departures from this
model are also of interest here.
In the stidy described by Hansen, the position of the Gilf Streamibetween
Cape Hatteras and approximately 60* west longitude was observed at intervals
ranging from; a few days to a month. The 15* isotherm was chosen as an index
of the main thermal front at a depth of 200 meters, and hence as an indication of
the Gulf Stream position (57).
Wavelike features having wavelengths of 200-400 km were observed. Hansen
shows them in Figure 26. The evolution of the meanders in terms of phase pro-
gression is indicated in Figure 27. It is seen there that the meanders progress
at a rate of the order of a mean wavelength, taken to be 300 km, each couple of
months. This corresponds to about 5 km/day.
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Altitude variations across much of the Gulf Stream due to the geostrophic
effect are of the order of a meter.
Some information about its position will be available from sources other
than GEOS- C.
An inclination of a little over 40 ° would permit the studying of the Gulf
Stream meanders and also of other western boundary currents such as the
Kuroshio current near Japan. An inclination in the neighborhood of 650 would
also make it possible to study the antarctic circumpolar current which is of
interest for more than one reason. It is the only continuous current which
corresponds to a closed circuit or curve on the globe. It is also the strongest
current being equivalent in terms of mass flux to five or six Gulf Streams. The
65" orbit would also provide good geometry for viewing the Gulf Stream. This
point is discussed in Section III, 4, C.
v. Sea State
It is expected that the problem of interpreting the range measures
in the presence of sea state effects will be attacked by an approach such as the
one offered by Pierson and his colleagues (58).
vi. Storm Surges
Storm surges, such as those associated with hurricanes, for
example, can have amplitudes of up to a couple of meters and wavelengths of
some fifty kilometers.
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Phenomena such as storm surges will be represented and/or observed
when and where they occur, to:the extent -that this is' practicable.
vii. Tsunamis
Tsunamis are thought to have amplitudes of nearly half a meter
and wavelengths of perhaps three hundred kilometers. Detailed theoretical
representation of a tsunami involves the representation of the ocean bottom
topography and complex ray-tracing calculations to map out the advance of the
expanding wave. The occurrence of a tsunami in a region and at a time when it
might be observed by. GEOS-C would be a relatively rare event. It could, how-
ever, be modeled and. studied in this way.
3. The Calibration of the Altimeter
a. Short-Arc Tracking of ,GEOS- C in the Caribbean Area
The consideration.of short-are and long-arc tracking error budgets
can begin with a look at the overall error problem. A typical error breakdown
for the GEOS-C altimeter is indicated in Table X (59). Quantities associated
with factors other than the orbit errors have an rms value of approximately 3
meters. This leaves 4 meters or so which can be assigned to the calibration
process if the 5 meter rms overall accuracy goal is to be met. Allowing f or 2:
meirs dr uncertaities associated with the geoid means that the uncertainties
associated with the orbit determination process should contribute no more than'
about 3.5 meters.
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Table X
GEOS- C Mission Altimeter Evaluation
Satellite Altimeter System Error
Measurement Error Source (m)
Altimeter Instrumentation 2
Refraction 0.2
Reflection from Waves 0.5
Spacecraft Attitude 2
Root Sum square 2.9
Calibration Error Allocation 4.1
Altimeter System 5
Evaluation Goal
If comparable accuracies are to be achieved over extensive areas, the ac-
curacy within a short-arc calibration region such as the one in the Caribbean
must be increased still further. This point will be discussed further below.
A detailed analysis of short-arc tracking using lasers and cameras in the
Caribbean area has been conducted by Berbert and Loveless (60). A GEOS-C
ground track for the 220 inclination case in the neighborhood of several possible
tracking locations in the Caribbean is seen in Figure 28. Elevation angles as
functions of time for four of these sites for an orbit at a mean height of about
eight hundred nautical miles are seen in Figure 29. The durations of the por-
responding tracks above an angle of about 48* are indicated in Figure 30.
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Results of an analysis of orbital altitude uncertainties determined by means
of geometric error propagation using range and angle data from Antigua are
seen in Figure 31. A reasonably conservative value of 2 meters is assumed for
the laser range uncertainty and results for various values assumed for the angle
uncertainties are indicated by the several curves. Accuracies of a second of are
should be achievable with cameras of the MOTS type, for example.
An analysis of a number of cases involving various combinations of lasers
and cameras is summarized in Figure 32. Assumptions underlying these
analyses are listed in Table XI. The other angle measure accuracies of 100"
listed there were those assumed for the laser angles used in the analyses indi-
cated by the open circles in Figure 32. In all cases, in addition to the altimeter
Table XI
GEOS- C Mission Altimeter Evaluation Analysis
A Priori Noise
Assumptions
Uncertainties rms
Recovered Quantities
Range Measures 2 m 2 m
Altimeter Height Measures 100 m 10 m
Orbit - R&V Components 1 km, 1 km/sec
Station Positions - E, N, V Components 30, 30, 1 m
Other Quantities
Camera Angle Measures 1"
Other Angle Measures 100"
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bias uncertainty, uncertainties in orbital, survey, and range measure parameters
were also estimated., Th triangle corresponds to a similar analysis of a three-
laser-only,cage madl ifor a much larger triangle :based: On sdti~oiiiat- igia,
Key West, and Panama. It resulted in a value of 4.1 meters, only slightly higher
than that for the smaller triangle. As caln be seen, a number of cases meet both
the basic 4 meter requirement and the 3.5 meter figure obtained by allowing a
couple of meters for uncertainties associated with the geoid.
Berbert and Loveless concluded that the 2-laser, 2-camera. coifibinatioln'
was probably the most cost effective in terms of the pr6babiliies opfobltaining
reasonable amounts, of data.
Tracking using lasers having ten centimeter accuracies can yield more
accurate determinations of the orbit as has been pointed out by Vonbun (61).
Results are indicated in 'igure' 33. The basic tracking systiem accracy gives
accuracies better than a meter. The limiting factor in thi case would then
appear to be the state of knowledge of the geoid which is thought to be o' tiihe :
ord-er of meter or two.
b. Long-Arc Tracking of GEOS-C
The surveys of the.. gravitational field over longer arcs will be greatly
facilitated by the long-arc satellite-to-satellite tracking of GEOS- C which can
be conducted through ATS- F. The accuracy capability of this tracking approach
is indicated in Figure 34. In the case looked at here, accuracies of some four
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Figure 33. GEOS-C Height Errors Using Laser Tracking
meters or better persisted for almost three hours beyond the time interval
shown in the Figure before the results deteriorated. Error analysis simulation
results thus indicate that altitude accuracies in the three to four meter range can
be achieved in this way. This is reasonably comparable to the current estimates
of the accuracy of the world-wide geoid obtained from satellite orbit analysis (18).
The latter has a spatial resolution of the order of 120, however. Hence, altimeter
and satellite-to-satellite tracking surveys even at the 60 resolution level will
definitely provide new information. They will of course also provide the extremely
valuable independent views which are so important.
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4. Ocean Surface Altitude Representation and Analysis Using
Altimeter Data
The set of GEOS-C data will itself make possible a better represen-
tation of the effects indicated above. More than one kind of study holds promise.
Tides can be analyzed on a global basis using all the altimeter data. Information'
about the geoid and the sea state can be sought everywhere. Current phenomena,
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such as those associated with the Gulf Stream meanders, will be watched in
certain regions of the oceans. Storm surges and Tsunamis will be looked at
when and where they occur, in so far as this is feasible.
a. Gravimetry
Gravimetric investigations by means of a GEOS-C altimeter will
include at least three kinds of studies. First, it will be possible to conduct an
altimeter survey having a spatial resolution of about 6 degrees using the orbit
ground track pattern which was worked out above in the discussion of the selec-
tion of a typical GEOS-C orbit. This will permit a direct inter-comparison with
the results of the gravimetric investigation at the 6' resolution level which will
be conducted by means of a satellite-to-satellite tracking system. A mutual
validation of both the two approaches achieved in this way will increase the
confidence in both types of results.
A similar altimeter gravimetric survey can be conducted at a finer resolu-
tion e.g., down to 10. This can be thought of as the second type of experiment.
This can also be conducted through the use of the GEOS- C orbit ground track
pattern indicated earlier in the discussion of the GEOS- C orbit selection.
Thirdly, fine structure can be investigated in greater detail in regions of
special interest such as those near the East and Gulf coasts of America. The
interesting region in the neighborhood of the Puerto Rican Trench, for example,
could be studied with the aid of the Caribbean facilities indicated in the calibration
discussion. 68
Another possible region of this type will be discussed in a later. sectipn.
The results of these regional studies, will, it is expected, be correlated
closely with the surface gravimetry data discussed above in Section III, C, i.
b. Tides
Zetler has pointed out, for example, that GEOS-C will, over its
lifetime, provide data which can be used as the basis for a global tidal study (52).
A possible regional tidal study is discussed below in Section III, 4, C, i, B.
c. A Region for Earth and Ocean Dynamics Studies
As has been indicated above, surveys of certain phenomena such
as the geoid and tides can be conducted on both global and regional bases. The
following discussion deals with an area in which regional investigations of more
than one type could be conducted fairly readily from a practical standpoint.
i. Ocean Dynamics
The Atlantic region off the coast of the Northeastern United
States is of particular interest from the standpoint of the Gulf Stream meanders
as was indicated in Figure 26 which is given by Hansen (57). These features
have amplitudes on the order of a meter. Tidal variations in this same region,.
while not quite as large as those found elsewhere, are nevertheless of consider-
able size, i.e., of the order of a meter also. This is indicated in Figures 23 and
24, where the certain tidal components are seen (51, 53). This region is also a
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reasonably attractive one from the standpoint of some of the practicalities of
short-arc tracking. Good advantage could be taken of lasers which are usually
available at Goddard, and possibly also at SAO.
An unusually useful system could be obtained by adding lasers at Bermuda
and at a Bay of Fundy site chosen to be on the same meridian as Bermuda and as
far north of Goddard as Goddard is north of Bermuda. This configuration is
ideal for precision, short-arc tracking of GEOS- C. This can be seen readily
from an inspection of Figure 35. Lasers having 10 centimeter accuracy capa-
bilities will, when located at these sites, make it possible to determine the alti-
tude of GEOS-C with relative accuracies of the order of a meter or better over
a considerable portion of the region defined by the tracking sites at Goddard,
Bermuda, and in the Bay of Fundy. A fourth laser at SAO would provide the im-
portant checks on the instrumental biases by providing the redundant information. It
would also be most valuable in connection with reducing the impact of the cloud
cover problem. As indicated above, this configuration has the important advan-
tage of utilizing the fixed experimental lasers which are often available at God-
dard and possibly also at SAO. This has the practical effect of bringing into
action one or two additional lasers and hence increasing the total effective
complement correspondingly.
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a. Gulf Stream Meander Studies
The altimeter tracking patterns are also good for observing the
Gulf Stream meanders in this region. Shown in Figure 36 are surface tracks of
the 650 orbit with 6.30 daily spacing which was obtained in the earlier discussion.
It is seen that the northward and southward going tracks cross the two principal
branches of a typical Gulf Stream meander nearly orthogonally, providing almost
ideal geometry for studying the behavior of these interesting features. Each
ground track seen in Figure 36 will be followed four days later by one removed
just one degree from it, hence it will be possible to observe each feature once
every four days. This frequency is well matched to the observational needs of
a Gulf Stream meander experiment, as can be seen from inspection of Figures
27 and 36 (57). The mean wave length of a meander is often of the order of 300
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kilometers, as was indicated above in the discussion associated with Figures
26 and 27. A typical meander moves a distance equal to its own wave length in
about a couple of months. This interval might be thought of as a characteristic
time constant which can be associated with the Gulf Stream meanders in this
sense. Observations every four days are well suited f6r a Gulf Stream meander
experiment. In fact observations every ten days or so would be most welcome,
as Hansen has already pointed out (57). This also allows a margin for gaps in
the observing program whiIh might be due to such things as weather conditions
or operational factors.
Similar studies of the Kuroshio ourrent could be conducted by means of
lasers similarly placed in Japan and nearby islands such as Iwo Jima, say.
13. Tidal Studies
Tidal; studies: can also be conducted in such regions by means of
short-arc trackiig. ;Once each'day the GEOS-C altimeter satellite ground track
passes through or very close to the Goddard-Bermuda-Bay of Fundy triangle as is
indicated in Figures 36 and 37. At least one of the northbound tracks of the type
seen in Figure 37, for example, would occur each day. These tracks are nearly
orthogonal to the co-range lines of the semi-diurnal tide as can also be seen
from Figure 37.
S : outhbound tracks, nearly parallel to the ,co-range lines, also occur daily in
useful locations. -The orbit-selection worked 'out for: GEOS-C in the above discussion
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has the property of moving about 10.5 degrees each day relative to the moon. A
complete cycle of the semi-diurna lunar tide can thus be observed by GEOS-C
about once every 17 days. The daily observations of GEOS-C in the Goddard-
Bermuda-Bay of Fundy triangle would thus occur about 10.50 apart in this cycle,
0-1:
and hence provide ideal data for sampling this important tidal component. The
intervil between !one* day abr .the nex t anbethightdf as corer'oridihgthto6bit over
two-thirds of'an hoiur in termsof;:the sgidiuiydI c Sat'ellitest6-satelite
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tracking may also be useful when combined with precision laser tracking in the
Goddard-Bermuda-Bay of Fundy triangle in making observations in the neighbor-
hood of the amphidromic point in the North Atlantic seen in: Figures 23 and 24.
Such a region could also be a good one in which to make the cross-over point
checks which have been proposed by Stanley (59).
ii. Earth Dynamics
The Goddard-Bermuda-Bay of Fundy triangle also has other uses
in connection with the Earth Dynamics side of the Earth and Ocean Dynamic
Satellite Applications program (4).
a. Gravimetric Fine Structure
Fine structure in the gravity:field should be deducible from
observations made in this general area, but perhaps somewhat away from the
immediate neighborhood of the Gulf Stream meanders.
' Po. P lar Motions' and Earth's Rotational RateC Variations
The Bermuda-Bay of Fundy leg would be suitable for observ-
ing polar motion in the manner of the experiment conducted by Smith (62). The
Goddard-Bermuda and Goddard-Bay of Fundy links takentogether would also
be useful for a companion experiment to observe the variations of the earth's
rotational rate.
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5. Altimeter Data Requirements
a. Gravitational Field Surveys
The altimeter survey conducted at the 60 resolution level would
involve, as indicated above, portions of the equivalent of some 4 days of orbit
tracks. Roughly speaking, some three days of "sea tracks" will'occur, since the
altimeter will be over land about a quarter of the time. Again, from the stand-
point of 6 degree coverage, redundant information will be obtained near the
maximum latitudes. As before, however, continuous coverage will be useful, at
least to begin with. Accordingly, about 75 hours of altimeter observing will be
required for the 60 survey, and some 450 hours for the one degree survey.
Such a set of observing programs will provide the basic data for gravimetric
geodesy studies leading to the shape of the geoid,, for example..
b. Tidal Analyses
These data will also be of real value in connection with a variety of
oceanographic investigations including global. tidal, studies.
Additional types of observational data sets which would be useful for tidal
studies can be considered in terms of the earlier discussion associated with
Figures 23, 24, and 37, say, and the thinking about the GEOS- C orbit.
As pointed out there, the moon moves some 10.5 degrees per day relative
to the GEOS- C orbit of the type contempated, and hence a cycle of the semi-
diurnal lunar tidal component could be observed in about 17 days.
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,The durations of the northbound and southbound tracks of interest here
would each be .in the 10-minute range.- Hence, about twenty-minutes a day of
observing, or a total of some six hours in all would give data for a tidal study
of this type. Repetitions of this type of study in different regions such as the
Pacific and Indian Oceans and at different times would be important. In other
situations, as many as five passes per day might prove to be useful. In such
cases a total of about fifteen hours would be required for a study. Some half
dozen such tidal experiments would involve approximately a hundred hours of
altimeter observing time. Much of this might be in addition to the 75 or so
hours for the 60 geoid survey. It would be included in the 450 hours or so needed
for the 10 geodetic altimeter survey.
c. Gulf Stream Studies
The altimeter observation tracks described above in connection
with the regional tidal study in the Western Atlantic would also serve as the
basis for a study of the Gulf Stream meanders.
From the standpoint of the geoid study, the 60 and 1 resolution observations
could be obtained anytime, in the sense ,that the gravity field is invariant over the
lifetime, and to within the accuracy, of the GEOS- C experiment. Studies of tides
and. the Gulf Stream meanders require observations made in specific sequences
as indicated in the above discussion. Hence,:these should be given first priority
in the scheduling except, of course, for observations of, short-lived phenomena
such as those associated with tsunamis and storm surges. Observations designed
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to fill in the remaining regions required to complete the gravity surveys could
then be scheduled so as to utilize the next increment of spacecraft capability.
d. Calibration
The altimeter calibration, which would precede studies discussed
above, could also be conducted in the Goddard-Bermuda-Bay of Fundy traingle
region in areas away from the meanders, near the coasts where ground truth is
available. The calibration passes might in time be combined with the program to
observe tides and meanders. Calibration and validation may thus involve only a
small utilization of the GEOS-C resources relative to that which is envisioned
for the scientific investigations, per se.
The Goddard-Bermuda-Bay of Fundy triangle can thus be used for altimeter
calibration, Gulf Stream meander analyses, tidal studies, and polar motion and
UT 1 observations.
IV. A SET OF SATELLITE-TO-SATELLITE TRACKING STUDIES
A. Introduction
It is presently planned to conduct: satellite-to-satellite tracking expdri-
ments with GEOS- C and ATS- F, and with. Nimbus- E 'and A TS- F. Consideration
is also being" given to6 equipping the Atiosphere Explorer and Small Astroiomy
Satellite- C (SAS-C) padeecraft- with the capability for conducting satellitel-to-
satellite tracking operations VWith ATS- F.' Such- capabilities will be of value'frm
the standpoing of the Gravi.metric Geodesy Investigation and,' -in the case-of the
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Atmosphere Explorer spacecraft, for example, for operational reasons as well
as is indicatedin: references, 63 through 65. The operational
, considerations
which are of special interest i'icoinnectionii wththhe AE pdi rani are discussed
in reference 65. The present discussion wfll consider in moredetai. ~te aspe cts
having to do with the gravitational field studies.
It is presently estimated that the- ATS/GEOS and ATS/Nimbus triacking
systems will have accuracies of about 2 meters in range and 0.035 centimeters
per second in range rate. It will be assumed for the purposes of this discussion
that the links between AE and ATS and SAS-C and ATS will have similar char-
acteristics. The AE and SAS-C systems may turn out to be slightly less accW
rate, perhaps by a factor of two, than the Nimbus and GEOS systems for tracking
through ATS. For this discussion however, it is convenient to assume that all
these tracking systems will be similar, since this facilitates the understandirng
and comparison of the potential contributions of the different missions.
Estimated orbital parameters of the low- iltitude satellites involved are
given in Table XII. In some cases these are not firm. GEOS-C for example
may have an inclination in or near thle40 to 80 degree region. The values shwn
for the altitudes of the Atmospher- Explorers when they are in their nearly-
circular, low-altitude orbits are used for planning purposes. Decisions ,wilf
probably be made during each flight mission concerning the different height
ranges which will actually be surveyed from the circular orbits in the 700 to
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Table XII
Orbit Parameters Planned or Considered for Spacecraft Proposed
for Satellite-to-Satellite Tracking Experiments
Atltitude Inclination
Spacecraft (kilometers) (degrees)
Nimbus- E 1110, circular 100
GEOS- C 1000, circular 115
SAS-C . 550, circular 3
AE- C 700, circular 65
600, circular 65
500, circular 65
400, circular 65
300, circular 65
250, circular 65
150, elliptical* 65
120, elliptical* 65
AE-D 700, circular 100
600, circular 100
500, circular 100
400, circular 100
300, circular 100
250, circular - 100
150, elliptical* 100
120, elliptical* 100
AE-E 700, circular 20
600, circular 20
500, circular 20
400, circular * - 20
300, circular 20
. ,::. ,250, circular 2 .
150, elliptical* 20
120, elliptical* .20
*Rerigee alti.tude,
Apogee altitude 4000 km
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250 kilometer altitude range toward the end of the spacecraft's active lifetime.
.,,Nevertheless ertain, kinds of observations can be made about-an ensemble of
orbits of the types seen in Table XII. ,
First, the array of different inclinations should be of real value. For
x:an ple, range rate data will.be taken pver a given feature by satellites travers-
ing at (ifferentangles, in the: orbits having different inclinations. It is. anticipated
that observable effects: will frequently occur in two such distinct orbital paths
when they pass, over a given, geographical region. -Evidence of this type will be
.helpful insorting out real physical effects fromiothers which may be associated
in9some way. with the analytical process. This point is discussed in reference
66, andin reference 40 in. connection with Figure, 11. It is seen that a -variety of
inclinations will be available ranging from-within 30:of the equator to within 100
of the pole.
When satellites pass over -regions having the same ground track but at:
different altitudes, it may be possible to learn more about the anomalous regions.
Fr -example, information may be obtained about the, horizontal extent and/or the
depthof -the features involved.. This point is discussed further in reference 40
in connection with Figur 11.
Two cases are of special interest here. GEOS-C may be in an orbit having
a:: inclination of 11.50, or 65*. retrograde, which corresponds tothe first Atmosphere
Explorer at the ;inclination of 65"., These orbits will, in general, have ground
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tracks over a given region which occuf at diffdrent heights, and wvhich are tra-
versed in opposite, directions. Nimbus- aiid the second'Atmosphere Explorer,
AE-D, will both have the 1000 inclinationbut' aga'inW vill6rbit'at widely difffrent
altitudes.
The spatial regolutions, obtainable With these spadbrdift inf the" nsnse 6f the
discussion of Section III, A, 2, assoefated with Figure 13 ar6e ifndicated in Table
XIII. Also shown here are th'e values for the resolution.nodal lbngitude interval,
X, i.e., the spacing between equator drossings which corresponds to the 'spatial
resolution, r, and the inclination, i, in the manner indicated in Section iiI, A, 2,
i.e., h = r csc i., For a GEOS-C at a 400 inclination, bUt otherwise having the
same characteristics as those indicated in'the-Table, the resolutidon nodal longi-
tude interval would be about 8.90 for example. . ..
Gravitational fields which have been derived recently on the basis of a
combination of satellite data and: gravimetr} have spatial rboliitlons 'f110 or
so, or about 1200 kilometers near the 'equator. The geoids associated with ihem
are considered to be :reliable to about three mieters.' It is eetimatedtiat the in-
formation content 6f these "fields which corresponds to d:patial res6utions finer
than about 18, or about 2000 kilometers near the equiatbr, is derived largel
from the surface gravity data. (Cf. reference 18.)
It is seen fromi-Table XIII that the satellite-to"satellite rackin xpriinents
which are contemplated offer the prospet of"iniproving the spatial 'ie61 tioi
by factors in the range from about half to one order of magnitude.
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Table XIII
Orbit and Gravimetric Geodesy Experiment: Parameters ,for Spacecraft
Proposed for Satellite-to-Satellite Tracking
Spatial Resolution NodalAltitude InclinationSpacecraft Resolution Longitude Interval(kilometers) -(degrees) (degrees) .(derees)
Nimbus-E 1110 100" 6.2 6.3
GEOS- C 1000 115 5.7 6.3
SAS- C 550 3 4 90
AE- C 700 65 4.5 5.0
600, 65 4 4.5
500 65 3.5 4.0
400 .'65 -- 3 3.4.
300 65 2.5 2.7
250 65 2 2.4
150* 65 1.5 1.6
120* 65 1.2 1.4
AE-D 700 100 4.5 4.6
600 100 .4 4.2.
500 100 3.5 3.6
400' 100 .3 3.1
300 100 2.5 2.6
250 100 2 2.2
150* 100 1.5 1.5
120* 100 1.2 1.3
A E-E, "700 '20 4.5 13.2
600 20 4 .12.0
500 "20 3.5 10.2
400 20 3 9.0
300 20 2.5 7.3
250 20 2 6.3
150 : 20 '1.5 4.3
120* 20 1.2 3.6
*Perigee Altitude
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The geoids associated with fields such as 1 through 5 in Table I are esti-
mated to have accuracies on the order of 15 meters (69).
The latest solution in Table I, SAO 69 (II), when truncated at 8,8 does not
represent an improvement over its predecessor, the SAO M-1 field. Except for
resonant terms, the improvement found in the latest solution due to the satellite
data is probably found chiefly in terms of the 9th and 10th degrees, some of which
are poorly determined (18). The geoid associated with the general portion of the
latest solution as it reflects satellite data is estimated to be somewhat better
than fifteen meters but perhaps not greatly so.
Comparisons of the latest field with results obtained using recent gravi-
metric data indicate that uncertainties of five to seven meters are to be expected
when the gravimetric data are relatively less dense and accurate (38). The
characteristics of these results as they reflect satellite data, per se, are probably
still less accurate.
It is estimated, thus, that the contribution of the satellite data to the most
recent fields in Table I corresponds to a geoid accuracy on the.order of ten
meters, say, which in turn corresponds to some two and a half milligals. Ac-
curacies comparable to this should be obtainable from 700 kilometer altitude
orbits with the ATS satellite-to-satellite tracking system using 20-second
integration times to achieve accuracies of the order of 0.15 to 0.2 millimeters
per second. (Cf. Figure 13 and Reference 42.) A 30-second integration time
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would give a tracking capability on the order of 0.1 millimeters per second_
which corresponds to an acceleration resolution.capability of the order of 1.5
milligals in terms of sensing mean anomalies in squares about 50 on a side for
a satellite at an altitude of 700 kilometers (42). In a sense, the ultimate range
rate integration interval would correspond to the time required to pass over or
traverse the square. A further improvement of perhaps a factor of two, in track-
ing accuracy and the corresponding sensing capability might be achieved in this
way. On this basis, the Atmosphere Explorer, in an orbit at about 250 kilometers
altitude, would have an acceleration resolution capability of the order of half a
milligal. This maybe somewhat optimistic, hence it will be assumed, more
conservatively, that the acceleration resolution capability-of the Atmosphere
Explorer in a 250 kilometer orbit will be on the orderofa milligal. The acceler-
ation resolution capability of GEOS- C and
Nimbus,-E is estimated to be on the order of a couple of milligals, and the
acceleration, resolution of SAS- C. is, estimated to be on the order of a- milligal
and a. half., In making these various estimates, it was assumed in accordance
with Schwarz's finding: that the sensitivities vary roughly.as the reciprocal of
the altitude in this general range (42, 70).
The estimated acceleration resolutions to be derivable from the satellite-
to-satellite tracking results appear to be a little better than those we have now
from satellites; however, the differences between the two kinds of estimates may
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be no more than their uncertainties. Improvements of the order of perhaps a
factor of two in acceleration resolution will be looked for in some cases.
Certain additional features of interest which are associated with these
different contemplated experiments are indicated in the following discussion.
B. Nimbus- E
The Nimbus-E/ATS-F experiment is expected to be the first of the
satellite-to-satellite tracking experiments. As was indicated in the above dis-
cussion, it will provide us with an improvement of nearly a factor of three in
spatial resolution. It will also, of course, give us our first experience with this
new.type of data and technique.
The 6.6 bi-daily nodal longitude interval which is indicated in Table XIV
implies that some 27 orbital arcs of interest will be trackable from ATS-F in a
given position. There is both a northbound and a southbound pass associated
with each interval hence some 54 arcs will be. of interest. -The total tracking
interval will. be approximately 54 hours. ATS Will at first be at.94* west longi-.
tude and later at 35 east longitude. A second survey centered at the eastern
longitude will involve another 54 arcs and another fifty-four hours. Some fifteen
hours will involve overlapping coverage which should be useful for correlative
and corroborative purposes. In addition, as ATS moves from one location to
another, satellite-to-satellite tracking could provide additional data having differ-
ent geometrical characteristics. In all some three such surveys, centered at about
94* west, 350 east, and 30° west, would be very valuable.
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Table XIV
Gravimetric Geodesy Experiment Parameters and Observation Reqirements
for Certain Spacecraft Proposed for Satellite-to-Satellite Tracking
Rsolution Daily or
BidaidyNodal Number of Number of.
Spacecraft (kilom e Longitude Nie r
Interval Per Survey Survey
(Degrees) ere(Degrees)
Nimbus-E 1110 6.3 6.6* 54 54
GEOS- C 1000 6.3 6.3 57 56
SAS-C 5 50 90 
-4 3
*Biddily
C. GEOS- C
The GEOS- C satellite orbit is presently envisioned to be somewhat lower
than the NIMBUS-E orbit. 'This will offef a correspond-ng increase in resolution.
Also the, GEOS-oC orbit will not be subject to pertubations by control jets. In
additibon, the orbit of GEOS- C will be' know n m ch more accurately, independently
of the satellite-tosatellite tracking, through the uise of the very accurate geo-
detic tracking 'sitems which it will' eiploy. 'Hence,': t is the ideal satellite on
which to really evaluate the satellite-tb-satellite tracking system as was pointed
out in'reference 67 in whichlthis experim'rent was 'first proposed. : EOS-C
satellite will, in addition, as was pointed out above, also provide data at another
inclination. Observational requirements worked out along the lines indicated in
the discussion of the NIMBUS-E case are indicated in Table XIV
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D. SAS-C
The SAS- C spacecraft, orbiting at a relatively low altitude, will afford a
still further increase in spatial resolution and a gain of nearly a factor of two
in acceleration resolution. SAS- C will also add data at still another inclination.
Again, observational requirements are listed in Table XIV.
E. The Atmosphere Explorers
The Atmosphere Explorers will provide a marked increase in the capa-
bilities for both spatial resolution and acceleration resolution. They will also,
as was pointed above, provide data at three inclinations, and at a number of
heights for each of these inclinations. This will enhance considerably the value
of this phase of the Gravimetric Geodesy Investigation.
Gravimetric Geodesy Investigations which can be performed with Atmosphere
Explorer by means of satellite-to-satellite tracking are of two types, those as-
sociated with the. elliptic orbits and those associated with the circular orbits.
Present plans call for an elliptic orbit for AE-C having an.inclination of 650,
an apogee of about 4000 km., and a perigee height which will usually be about
150 km, and which will be lowered to about 120 km for one day. in each two
weeks. The circular orbits will be at several heights ranging from about 250
to 700 km.
For th' elliptic case the orbit having a perigee of about 150 km will be in
existence long enough to permit a survey to be made. The altitude of about 150
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km:corresponds to.a spatial resolution of 1.5 degrees in the sense of the dis-
cussioni of Section III, A, 1, which is associated with Figure 13. -The planned
orbit is close to one which will have a daily nodal: separation of 1.6 degrees.
This will be the appropriate spacing for the case in which the perigee is near
the equator, which is one of the possibilities now under consideration. If the
perigee is far from the equator, the survey can be completed with a correspond-
ingly larger nodal spacing and with correspondingly fewer passes than is indi-
cated here.
' A slight increase inthe period of the,:orbit, of the order of a minute, and a
corresponding increase iii apogee height, of the order of a 100 km, will give a
daily nodal spacingof 1.6 degrees. This orbit, then, will permit the making of
a survey which would provide the coverage to correspond to the lowest altitude
reached by the AE-C spacecraft in such a case. The altitude region between 150
and 1110 km would be of interest. This would permit correlation of results with
those obtained from all the satellites to be tracked from ATS, i.e., Nimbus-E,
GEOS-C, and SAS-C. The Atmosphere Explorer will be below 1110 km over a
true anomaly range of about 1420, or for about 34 minutes per revolution. Some
100 ares -uder ATS when it is at a given location would suffice to complete a
survey atethe 1.5 degree resoldtionilevel. Roughly speaking, one pass every
other day during the eight months or so-:whenAE-C is :in the elliptical orbitwould
be sufficient;: An additional eighty passes would complete the survey if ATS.
would move between 940 west anid 350 east during this period.- Thus a total of
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some 180 passes, or less than one pass. per day on the average, woutldsuffice-
for the entire longitude history of ATS-F. The corresponding.tracking time,: ;
requirements are about 57 hours for the 100, passes and 105 hoursfor-the 180
passes.
If the perigee is at the equator, each arc which is of interest can be observed
from ATS during one continuous interval. If the perigee is at the pole, the arcs
of interest would be observed in two equal portions, when the ATS is on either
side of the AE-C orbit. When perigee occurs in an intermediate position the
arcs of interest would be observed from, ATS in two unequal time ,intervals oc-
curring when ATS is on either side of the AE orbit. The total observing time.
would be about the same for all these cases, i.e., about 105 hours.
The dipping down of the perigee to 120 km altitude provides a spatial resolu-
tion that is even finer, i.e., about 1.2". In view of the limited time during which
the perigee will be at these low altitudes, however, a complete survey would
probably not be practical. Nevertheless the observation of portions of the orbit
at this height from ATS at different longitudes would be of great interest.
The circular orbits planned- for the AE missions would also be -of great -
value, from the gravimetric geodesy standpoint.. There is .irterest in- atching .
the nodal spacing at the equator -to -the spatial resolutioncapability associated,
with-the altitude. It :is seen from' Table XV:.that:tJhe.desired -resolutioQ Andal J.
longitude ,intervals do _.not oprreqpond toq well with eted .ailyrer bidaily, nodal.-,
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Table XV
Gravimetric Geodesy Experiment Parameters for Certain
Possible Atmosphere Explorer-C Orbits
Daily or BidailyResolution Nodal Daily or BidailyAltitude Nodal Longitude
Longitude Interval(kilometers) L (iegrees)-r Interval(e(Degrees)s)
.. . .(Degrees)
700 5.0 1.2*
600 4.5 6.9
500 4.0 0.8
400 3.4 2.9*
300 2.7 6.9
250 2.4 2.9
*Bidaily
longitude intervals associated with the orbits at the nominal altitudes at the 100
kilometer intervals.
The nodal spacing could be matched to the desired spacings more closely by
modifying somewhat the periods and altitudes listed in Table XV. The orbital
altitude parameters in or near the range from 250 to 700 km which are close to
those considered for the Atmosphere Explorer C and which would also yield the
nodal separations that can form the basis for good gravimetric geodesy experi-
ments are indicated in Table XVI. It is seen that only relatively small changes
from the nominal orbits would suffice in most cases.
91
Table XVI
Experiment Parameters and Observation Requirements for Certain Possible
Atmosphere Explorer- C Orbits Which Would be Valuable for the Gravi-
metric Geodesy Investigation
Daily orResolution Daily or
Nodal Bidaily Numberof Numberof Number of Number of
Altitude Nodal Arcs per Hours perLongitude Arcs per Hours per 45 45
(kilometers) Longitude Survey Survey 45 45(degrees) Inte rval Survey rveySurvey
(degrees)(degrees)
725 5.1 5.1* 63 45 35 17
570 4.4 4.4 73 50 41 19
460 3.7 3.7 87 58 49 22
405 3.4 3.4* 94 62 53 23
240 2.3 2.3 139 88 78 33
150- 1.6 1.6 100 57
4100
*Bidaily
The approximate values shown in Table XVI are suggested for illustrative
purposes. It is anticipated that further study of the matter of orbit selection
from the standpoint of the atmospheric research requirements and the gravi-
metric geodesy criteria could reveal orbit parameters which would meet the
atmospheric experimenters needs and at the same time make it possible to
conduct valuable gravimetric geodesy experiments.
It is seen from Table XVI that' on the order of 60 to 140 passes of Aiearly
half an orbit in length would be of interest at the heights shown there. The AE
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satellite will spend only some 10 or 30 days at each of these altitudes, however.
Thus, from two to fourteen passes per day would be required, which may be be-
yond the resources available. In such a case, a more limited survey could be
attempted.
A useful survey could be conducted over the region lying within about 450
of the sub-ATS region. This would involve only a much smaller number of arcs,
and each one would not be nearly Iso long as in the case of the complete survey.
Hence only a fraction of the observing time would be required for such a limited
survey. Such a survey would correspond reasonably well to the type of experi-
ment which was conducted in connection with the discovery of the lunar mascons.
The satellite-to-satellite tracking system for use,between AE andATS will
have an accuracy of about 0.035 cm per second for a ten second integration
interval. This corresponds to an acceleration of about 3.5 milligals. It is
planned that the accelerometer to be used in connection with the atmospheric
density experiments will operate over: two resolution ranges while the experi-
ment is in progress. These extend, respectively, from 5 x 10-4 to 10-6 g, and
from 10 - to 2 x 10 -8 g. It appears, then, that the accelerometer resolution
will be adequate for the needs of the Gravimetric Geodesy Investigation.
Some of the:parameters of geodetic interest associated with the spacecraft
discussed here are summarized in Table XVII.
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Table XVII
Parameters of the Geodetic Interest Associated With the Spacecraft
Approximate Order of
Inclination Altitude Spatial Acceleration
(degrees) (kilometers) Resolution Resolution
(Degrees) (milligals)
Existing set 18 2.5
of Spacecraft
Nimbus-E 100 ' 1111 6.2 2
GEOS- C 115 1000 5.7 2.
AE-C 65 725 4.6 1.5
SAS- C 3 550 4 1.5
AE-C 65 240 2 1
V. MANAGEMENT CONSIDERATIONS
It is expected that a general solution for the geopotential, including the
ISAGEX data, can be obtained by the time the GEOS-C data become available.
It is anticipated that the first analysis of the GEOS-C dat ,will be achieved
within a year afteir they are received. The analyses will continue correspondingly
as additional data are provided. Reports of results of the analyses and solutions
will include new representations of the Earth's gravitatibnal field.
It is a pleasure to acknowledge many helpful discussions with a number of
individuals at Goddard and other institutions including many in connection with
satellite' geodesy whoS's-wo'ks are cited in the references and a niimber in : on-
nection with oceanographic studies including Drs; W. S. V6nAirx, C. Boiweni'and "
K. Hasselmann of the Woods Hole Oceanographic Institution, Dr. K. Bryan of the
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NOAA Laboratory, Princeton, Drs. J. R. Apel, B. D. Zetler and D. V. Hansen of
the NOAA Atlantic Oceanographic and Meteorological Laboratories, Drs. W. H.
Munk and M. C. Hendershott of the Scripps Institution of Oceanography, La Jolla,
California, Dr. W. J. Pierson, Jr. of the New York University, Dr. W. Sturges
of the University of Rhode Island, Dr. M. Talwani of the Lamont-Doherty Geo-
logical Observatory, and Dr. B. Yaplee of the Naval Research Laboratory.
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